Both HIV-1 virions and infected cells use their surface regulators of complement activation (RCA) to resist antibody-dependent complement-mediated lysis (ADCML). Blockage of the biological function of RCA members, particularly CD59 (a key RCA member that controls formation of the membrane attack complex at the terminal stage of the complement activation cascades via all three activation pathways), has rendered both HIV-1 virions and infected cells sensitive to ADCML mediated by anti-Env antibodies (Abs) or sera/plasma from patients at different stages of viral infection. In the current study, we used the well-characterized anti-HIV-1 neutralizing Abs (nAbs), including 2G12, 2F5, and 4E10, and non-nAbs, including 2.2C, A32, N5-i5, and N12-i15, to investigate whether the enhancement of ADCML by blockage of CD59 function is mediated by nAbs, non-nAbs, or both. We found that all nAbs and two non-nAbs (N5-i5 and A32) strongly reacted to three HIV-1 laboratory strains (R5, X4, and R5/ X4), six primary isolates, and provirus-activated ACH-2 cells examined. In contrast, two non-nAbs, 2.2C and N12-i15, reacted weakly and did not react to these targets, respectively. After blockage of CD59 function, the reactive Abs, regardless of their neutralizing activities, significantly enhanced specific ADCML of HIV-1 virions (both laboratory strains and primary isolates) and provirus-activated latently infected cells. The ADMCL efficacy positively correlated with the enzyme-linked immunosorbent assay-reactive intensity of those Abs with their targets. Thus, blockage of RCA function represents a novel approach to restore activities of both nAbs and non-nAbs in triggering ADCML of HIV-1 virions and provirus-activated latently infected cells.
I
n HIV-1-infected patients, the virus-specific antibody (Ab) response is vigorous at all stages of infection. Within a few weeks of infection, Abs against the viral envelope (Env, gp160, or gp120 plus gp41), core (Gag), and matrix (p17) become detectable in the plasma of HIV-1-positive individuals (1) (2) (3) (4) (5) (6) . Ab levels mount in response to the gradual increase in viral load and appear to be maintained at high levels throughout the disease (7, 8) . However, this vigorous and sustained Ab response has a limited effect on controlling virus proliferation or protecting the patients from developing AIDS (7, (9) (10) (11) . This puzzling and frustrating phenomenon has been explained by the lack of sufficient neutralizing Abs (nAbs), i.e., the vast majority of Abs generated in natural HIV-1 infection are non-neutralizing Abs (non-nAbs) which are unable to prevent and contain HIV-1 infection (12) . While numerous studies suggest that nAbs may impact HIV-1 replication at the acute stage of the viral infection (13) (14) (15) , the effect of these nAbs in mediating effector functions and limiting viral spread remain uncertain. In particular, it is still unclear whether nAbs have a substantial role in the control of chronic, established HIV-1 infection. In addition, the lack of sufficient nAbs cannot fully clarify the Ab dysfunction because (i) almost all HIV-1-infected individuals develop Abs capable of neutralizing their own viruses (autologous neutralization) in vitro (16) , (ii) recent studies have demonstrated that ca. 25% of chronically infected individuals (infected for at least 1 year) have moderate to broadly reactive nAb responses (9, 10) , (iii) ca. 1% of these chronically infected individuals have nAbs with unusually potent activities against a majority of HIV-1 clades (17) (18) (19) (20) (21) (22) , and (iv) Abs with potent neutralizing activity against a broad range of HIV-1 strains across HIV-1 clades have been found in HIV-1-infected individuals, but passive immunization with a cocktail of these nAbs conferred no or only modest clinical benefits to HIV-1-infected subjects (23) . In addition, non-nAbs in other viral infections can have substantial impact on anti-virus immunity through clearing virus particles and infected cells via complement activation, opsonization and phagocytosis, and antibody-dependent cell-mediated cytotoxicity (ADCC) (24) (25) (26) (27) . Thus, it appears that the immune system in HIV-1-infected individuals has the ability to generate nAbs, and that broadly nAb (bNAb) activities are developed over time by chronic antigen exposure during infection (9, 16, 28, 29) . However, HIV-1 virions and infected cells can escape Ab immunity, regardless of nAbmediated neutralization and nAb/non-nAb-mediated complement attack, opsonization, and phagocytosis, and ADCC.
Recent studies have suggested that resistance of HIV-1 virions and infected cells to antibody-dependent complement-mediated lysis (ADCML) is dependent on regulators of complement activation (RCA), particularly CD59, a glycosylphosphatidylinositolanchored protein. CD59 is a key RCA member since it controls the formation of the membrane attack complex (MAC) at the terminal stage of the complement activation cascades via all three activation pathways. Recent studies have shown that HIV-1 virions incorporate and hijack human CD59 (hCD59) on their surfaces at levels that protect them from ADCML mediated by anti-HIV-1 Env (gp160 or gp120/gp41) monoclonal or polyclonal Abs (30) (31) (32) (33) . Similarly, hCD59 also provides resistance for HIV-1-infected cells from ADCML by sera from HIV-1-infected patients (34) . Both experimental and clinical evidences indicate that HIV-1 viral proteins and anti-HIV-1 Abs activate the early complement cascades but may not fully complete the complement activation, since MAC pores are not formed, leading to viral escape. As a consequence, incomplete activation of complement causes C3 deposition on HIV-1 virions, enhancing viral transmission to cells bearing C3 receptors. Therefore, blockage of hCD59 function with specific Abs or removal of these molecules by treatment with phosphatidylinositol-specific phospholipase C could render virions and infected cells sensitive to complement attack (30) (31) (32) (33) (34) .
Current antiretroviral therapy (ART) can successfully control plasma levels of HIV-1 RNA below the limits of detection, but cannot eliminate infected cells and the trace levels of free virions. The efficacy of ART is also limited by cost, toxicity, lifelong treatment adherence, and development of drug resistance. Therefore, an innovative therapeutic strategy is urgently needed to restore immune functions of HIV-1-infected patients and to help limit the use of ART. Blockage of hCD59 function can render complement-resistant HIV-1 virions and infected cells sensitive to ADCML by Abs against HIV-1 Env or sera/plasma from HIV-1-infected patients (30) (31) (32) (33) (34) . We have recently reported that blockage of hCD59 renders provirus-activated ACH-2 cells and primary human CD4 ϩ T cells that were latently infected with HIV-1 sensitive to ADCML by anti-HIV-1 polyclonal Abs or plasma from HIV-1-infected patients (35) . However, it is unclear whether the enhancement of ADCML is mediated by nAbs, non-nAbs, or both. In the present study, we use the well-characterized anti-HIV-1 nAbs and non-nAbs to address these issues. We found that blockage of hCD59 function restored activities of both nAbs and non-nAbs in triggering ADCML of HIV-1 virions and provirusactivated latently infected cells. Thus, blockage of RCA function may represent a novel approach to restore activities of both nAbs and non-nAbs in triggering ADCML of HIV-1 virions and provirus-activated latently infected cells toward an HIV-1 cure. Our results also provide a better understanding of anti-HIV-1 Ab immunity, especially the roles of nAb and non-nAbs in combating HIV-1 infection.
MATERIALS AND METHODS
Anti-HIV-1 nAbs and non-nAbs. Numerous monoclonal Abs (MAbs) with potent neutralizing activity against a broad range of HIV-1 strains across HIV-1 clades have been obtained from HIV-1-infected individuals. Among these nAbs, 2G12, 2F5, and 4E10 are three of the best-characterized MAbs isolated from individuals chronically infected with HIV-1 subtype (or clade) B strains. These neutralizing MAbs were either obtained from the National Institutes of Health (NIH) AIDS Reagent Program (Germantown, MD) or purchased from the Polymun Scientific (Vienna, Austria). 2G12 (IgG1) recognizes a unique mannose-dependent epitope in a carbohydrate-rich region on the outer domain of gp120 (20, (36) (37) (38) (39) . 2F5 and 4E10 recognize adjacent but distinct epitopes in the well-defined cluster of the membrane-proximal external region (MPER) of gp41 ectodomain (19, 36, 40, 41) . 2F5 (IgG1) binds to the ELDKWA motif on the ectodomain of gp41 (36, 40, 41) , whereas 4E10 (IgG1) recognizes the epitope NWFDIT slightly upstream from the 2F5-binding site (19) (Table 1) .
Four other human MAbs (clones 2.2C, A32, N5-i5, and N12-i15) that specifically react with HIV-1 gp120 but have no neutralizing activity (42) (43) (44) (45) (46) were also used in the study. A32 (IgG1) binds to a highly conserved epitope of HIV-1 gp120, and A32-gp120 binding enhances binding of CD4-induced (CD4i) Abs (45, 46) . 2.2C and N5-i5 bind to overlapping but distinct epitopes of gp120 (47) and exhibit potent ADCC in vitro (47) . N12-i15 recognizes a conformational epitope of gp120 following Env binding to CD4 (44) . These non-nAbs were gifts from Yongjun Guan at University of Maryland (Baltimore, MD) or James Robinson at Tulane University (New Orleans, LA) or were obtained from the NIH AIDS Reagent Program (Germantown, MD). The characterization of these nAbs and non-nAbs is shown in Table 1 .
HIV-1 primary isolates. Six primary HIV-1 isolates were generated by coculture of peripheral blood mononuclear cells (PBMCs) from healthy blood donors and PBMCs from each of six HIV-1-infected individuals as we reported previously (33) . The viral stocks were divided into aliquots and stored in a liquid nitrogen tank until use. These six HIV-1 primary isolates were resistant to ADCML by polyclonal Abs against HIV-1 gp120/ gp160 or sera from HIV-1-infected individuals (33) . Blockage of hCD59 function on the virions of these HIV-1 primary isolates rendered them sensitive to ADCML (33) . These HIV-1 primary isolates were used as target viruses to ADCML by the three nAbs (2G12, 2F5, and 4E10) and the four non-nAbs (2.2C, A32, N5-i5, and N12-i15).
ELISA. The recombinant HIV-1 gp160 (rgp160; Sanofi-Pasteur, Toronto, Ontario, Canada) was used as an enzyme-linked immunosorbent assay (ELISA) antigen to detect reactive intensity of the nAbs (2G12, 2F5, and 4E10) and non-nAbs (2.2C, A32, N5-i5, and N12-i15). The rgp160 is a soluble recombinant hybrid Env glycoprotein, containing both the gp120 sequence from the HIV-1 BX08 strain and the gp41 sequence from the HIV-1 LAI strain. This rgp160 was purified from chicken embryo fibro-blasts infected with the rgp160-expressing recombinant vaccinia virus. The purification procedure included ion-exchange chromatography, followed by immunoaffinity chromatography. The final products have been used as an HIV-1 protein vaccine in clinical trials (48) , indicating that the protein was highly purified. The rgp160 was coated at 1 g/ml to 96-well microplates. After a washing step with PBS-T buffer (phosphate-buffered saline supplemented with 0.05% Tween 20) and blocking with Blocker Casein Buffer (Thermo Scientific, Rockford, IL), microplates were incubated with individual nAbs or non-nAbs at various concentrations ranging from 0 to 5 g/ml, followed by addition of an anti-human IgG MAb conjugated with horseradish peroxidase (HRP). Human IgG1 at 0 to 5 g/ml was used as an Ab-negative control. Absorption was read at a wavelength of 450 nm by a microplate spectrophotometer (BioTek, Winooski, VT).
Viral lysates of HIV-1 laboratory strains and primary isolates were also used as ELISA antigens to determine the reactive intensity of the nAbs (2G12, 2F5, and 4E10) and non-nAbs (2.2C, A32, N5-i5, and N12-i15). HIV-1 laboratory strains, including two R5 (JR-CSF and BAL), three X4 (LAI, IIIB, and MN) and one dual R5X4 (RF), were obtained from the NIH AIDS Reagent Program (Germantown, MD). The viruses were expanded by two or three cycles of growth on phytohemagglutinin plus interleukin-2-stimulated PBMCs from healthy blood donors. Supernatants harvested from cells infected with each of these laboratory strains were subjected to virus purification by ultracentrifugation at 32,000 rpm at 4°C for 1 h. The same approach was also used for purifying virus particles of the six primary isolates. Purified HIV-1 particles of both laboratory strains and primary isolates were lysed with 1% Triton X-100 in PBS. The viral lysates were diluted in PBS and then subjected to measurement of HIV-1 p24 using a p24 antigen ELISA kit (PerkinElmer, Santa Clara, CA). Viral lysates were coated at 2 g of HIV-1 Gag/ml to 96-well microplates. After washing with PBS-T buffer and blocking with the Blocker Casein Buffer (Thermo Scientific), microplates were incubated with individual nAbs or non-nAbs at 5 g/ml, followed by the addition of an anti-human IgG MAb conjugated to HRP. Human IgG1 at 5 g/ml was used as an Ab-negative control. Absorption was read at a wavelength of 450 nm by a microplate spectrophotometer (Bio-Tek, Winooski, VT).
Generation and purification of F(ab=) 2 fragments of hCD59-blocking antibody. We and others have reported that BRIC229 (IBGRL, Bristal, United Kingdom), an anti-hCD59 MAb (mouse IgG2b), could completely block hCD59 function when used at a concentration of 20 g/ml or higher (32, 33) . Blockage of hCD59 function with intact BRIC229 molecules allows anti-HIV-1 gp120/gp160 Abs or Abs in the sera/plasma from HIV-1-infected individuals to restore their activity of ADCML to destroy complement-resistant HIV-1 virions and infected cells (30) (31) (32) (33) (34) . We have recently reported that blockage of hCD59 renders provirus-activated ACH-2 cells and primary human CD4 ϩ T cells that were latently infected with HIV-1 sensitive to ADCML by anti-HIV-1 polyclonal Abs or plasma from HIV-1-infected patients (35) . However, it is unclear whether F(ab=) 2 fragments of BRIC229 would retain hCD59-blocking activity of the intact Ab of BRIC229. The generation and purification of BRIC229 F(ab=) 2 fragments was performed using Pierce F(ab=) 2 preparation kits (Thermo Fisher Scientific, Rockford, IL) according to the manufacturer's protocol. Because the pepsin protease in the Pierce F(ab=) 2 preparation kit is supplied in an immobilized form as beaded agarose resin, the digestion reaction was easily stopped by removing the resin from the IgG solution, resulting in enzyme-free digest products. The protein purity of BRIC229 F(ab=) 2 fragments was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Coomassie blue staining. The concentration of BRIC229 F(ab=) 2 fragments was determined using the bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific).
Hemolytic assay. Fresh human red blood cells (hRBCs) isolated from healthy blood donors were washed four times with PBS and then used for a hemolytic assay to determine the activity of intact BRIC229 molecules and F(ab=) 2 fragments in blockage of hCD59 as previously described (33) . Briefly, hRBCs (5,000 cells) were preincubated with intact BRIC229 molecules, F(ab=) 2 fragments or irrelevant control Ab (IgG) at various concentrations ranging from 1 to 20 g/ml at 37°C for 30 min to block hCD59 function. Cells were then incubated with rabbit anti-hRBC polyclonal Abs (MyBioSource, San Diego, CA) plus the pooled sera (1:5 diluted in PBS) from three healthy blood donors. Every experiment included heat-inactivated sera as a control of complement inactivation to obtain background of hemolysis, whereas total hemolysis was obtained by adding pure water to the hRBC pellet. All experiments were carried out in triplicates. The amount of hemoglobin released from lysed hRBCs was determined by the optical density of the supernatant at 414 nm (OD 414 ), and the percent lysis was calculated as follows: [(experimental OD 414 Ϫ background OD 414 )/ (total lysis OD 414 Ϫ background OD 414 )] ϫ 100.
ADCML of HIV-1 virions by nAbs and non-Abs. Blockage of CD59 function to trigger ADCML of HIV-1 virions of both laboratory strains and primary isolates by anti-Env Abs was carried out as previously described (32, 33) . Briefly, HIV-1 virions (20 l containing 50 ng of HIV-1 p24) were preincubated with or without intact BRIC229 or BRIC229 F(ab=) 2 (20 g/ml) for 30 min at 37°C, followed by the addition of individual nAbs or non-nAbs (5 g of each Ab/ml) plus the pooled sera from three healthy blood donors as a source of complement (1:10 dilution in GVBϩϩ buffer; Sigma-Aldrich, St. Louis, MO). Heat-inactivated sera were used as a negative control of complement activity. Virolysis of HIV-1 virions was quantified using the p24 antigen ELISA (Perkin-Elmer). The ELISA procedure was the same as the manufacturer's description, except that the lysis buffer was not used. As a consequence, we measured only the Gag released from the lysed viral particles triggered by the Ab-dependent complement-mediated virolysis. The Gag of the intact HIV-1 virions was not detected; therefore, Gag release served a parameter of virolysis. HIV-1 virions were treated with Triton X-100 or medium alone for determination of total virolysis and background of spontaneous virolysis, respectively. The percentage of virolysis was calculated as follows: [(Gag released in the presence of complement-competent sera Ϫ Gag released in the presence of heat-inactivated sera)/(Gag released from Triton X-100-treated virions Ϫ Gag released by medium only)] ϫ 100. Experiments were conducted in duplicates, and means Ϯ standard deviations (SD) from three experiments were compared by using a paired two-tailed Student t test. Infectivity assay. To test whether virus infectivity was reduced or eliminated by ADCML, we performed an HIV-1 infectivity assay as previously reported (33) . Briefly, 5 l of reaction mixture from each condition in the ADCML of HIV-1 virions described above was added to fresh H9 cells (a human T cell line permissive for HIV-1 infection and replication) at 0.2 ϫ 10 6 cells per well in 200 l of complete RPMI 1640 medium (RPMI 1640 medium supplemented with 10% fetal bovine serum [FBS], 5% penicillin-streptomycin, and 2 mM glutamine) and cultured for 7 to 10 days. The culture supernatant was subjected to HIV-1 p24 ELISA antigen assay (Perkin-Elmer) to determine viral infectivity. The lysis buffer included in the ELISA kit was used to lyse the viral particles for measuring HIV-1 core protein p24. The higher the level of p24 in the culture supernatant, the higher the number of infectious viral particles that remained in the conditioned medium of the ADCML experiments. HIV-1 MN and H9 cells were used in the infectivity assay to determine the functional consequence of ADCML because H9 cells have been demonstrated to strongly support HIV-1 MN infection and replication (33) , thereby ensuring the sensitivity of the infectivity assay.
Western blot. ACH-2 cells treated or untreated with phorbol 12-myristate 13-acetate (PMA; 10 ng/ml)/ionomycin (1 g/ml) or dimethyl sulfoxide (DMSO) for 24 h were lysed in 1ϫ cell lysis buffer (Cell Signaling Technology, Danvers, MA) plus 1ϫ protease inhibitor cocktail (Sigma-Aldrich). Cellular lysates were cleared by centrifugation at 13,000 ϫ g for 10 min at 4°C. The supernatants were harvested and mixed with the SDS-PAGE gel-loading buffer (Invitrogen, Carlsbad, CA), followed by heating in a boiling water bath for 5 min. The protein samples were subjected to NuPAGE Novex high-performance electrophoresis (Invitrogen). Proteins were blotted onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA). After blocking with 5% nonfat milk, the blot was incubated at room temperature for 2 h with individual nAbs (2G12, 2F5, and 4E10) or non-nAbs (2.2C, A32, N5-i5, and N12-i15) at 1 g/ml. After washing, the blot was visualized with the appropriate HRP-conjugated secondary Ab and an enhanced chemiluminescence (ECL) detection system (Pierce, Rockford, IL). To ensure that equal amounts of cellular proteins were analyzed, the same blot was used for the detection of human ␤-actin protein expression after stripping, blocking, and incubation with mouse anti-human ␤-actin protein MAb (Abcam, Cambridge, MA), followed by incubation with HRP-conjugated anti-mouse IgG (Jackson Immunoresearch Laboratories, West Grove, PA) and analysis using the ECL detection system. Flow cytometry. ACH-2 or A3.01 cells were stimulated with or without PMA (10 ng/ml)/ionomycin (1 g/ml) or DMSO for 24 h at 37°C in a 5% CO 2 incubator. Cells were subjected to surface staining with an individual MAb (4 g/ml) of nAbs (2G12, 2F5, and 4E10) or non-nAbs (2.2C, A32, N5-i5, and N12-i15) at room temperature for 30 min. An irrelevant MAb of human IgG1 was used in parallel to obtain baseline of the surface staining signals. After washing, cells were incubated with an anti-human IgG1 MAb conjugated with a fluorescent dye for 20 min at room temperature. The stained cells were washed with PBS three times before analyzing the fluorescence intensity using the BD FACSCalibur system (BD Biosciences, San Jose, CA). Flow cytometry data were analyzed using FlowJo software (Tree Star, San Carlos, CA).
Confocal microscopy. ACH-2 cells were treated with PMA (10 ng/ ml)/ionomycin (1 g/ml) or DMSO for 24 h. Cells were fixed with 2% paraformaldehyde and then subjected to immunostaining for confocal microscopy analysis of viral protein expression and colocalization of HIV-1 Env with hCD59 and ganglioside M1 (GM1) lipid rafts on the cell surface. Cells were incubated with cholera toxin subunit B (CTB) conjugated with Alexa Fluor 488 (Life Technologies, Carlsbad, CA) at 4°C for 20 min to stain GM1 lipid rafts as previously described (49) . Cells were also subjected to staining with an individual anti-HIV-1 Env MAb (1 g/ml) of nAbs (2G12, 2F5, and 4E10), non-nAbs (2.2C, A32, N5-i5, and N12-i15), or anti-hCD59 BRIC229. After washing, cells were stained with the secondary Abs, including goat anti-human IgG conjugated with Alexa Fluor 633 and donkey anti-mouse IgG conjugated with Alexa Fluor 546. Both primary-and secondary-Ab incubations were carried out for 30 min at room temperature with 2% FBS/PBS. After staining, cells were adhered to poly-L-lysine-coated coverslips and mounted onto glass slides using ProLong Gold antifade reagent (Life Technologies), which contains DAPI (4=,6=-diamidino-2-phenylindole) dye for fluorescent staining of DNA content and nuclei. Cells were analyzed using an Olympus FV1000-MPE confocal/multiphoton microscope fitted with a ϫ60 objective lens. Images were processed and analyzed using the FV10-ASW 3.0 Viewer software (Olympus America, Inc., Center Valley, PA).
ADCML of provirus-activated ACH-2 cells by anti-HIV-1 nAbs and non-nAbs. ADCML of provirus-activated ACH-2 cells by nAbs or nonnAbs was quantified using the calcein release assay, as described in our recent report (35) . Briefly, ACH-2 or A3.01 cells treated or untreated with PMA/ionomycin or DMSO were labeled at 37°C for 40 min with 15 M calcein-AM dye (Invitrogen) in 200 l of PBS. The cells were washed three times with PBS to remove the free calcein-AM dye and then resuspended at a concentration of 10 6 cells per ml in the complete RPMI 1640 medium. Cells were dispensed into round-bottom 96-well microplates (100 l containing 10,000 cells per well). Cells were preincubated for 30 min at 37°C with or without BRIC229 (20 g/ml) plus an individual nAb or non-nAb at 5 g of each Ab/ml. After the preincubation, 50 l of the pooled sera from three healthy blood donors was added as a source of complement. The microplates were incubated at 37°C for 1 h, followed by centrifugation at 130 ϫ g for 5 min. After the centrifugation, 100 l of supernatant from each well was transferred into fresh 96-well microplates to measure the fluorescence intensity using an automated fluorescence plate reader (Molecular Devices, Sunnyvale, CA). To measure the maximum fluorescence intensity, a sample of calcein-labeled cells was lysed with 200 l of Triton X-100 (5% in PBS). To obtain baseline of spontaneous cytolysis, parallel ADCML assays were run with heat-inactivated sera from three healthy blood donors, culture medium alone, or an irrelevant MAb (IgG1). All experiments were carried out in triplicates. The percent cytolysis of ADCML was determined as follows: % cytolysis ϭ [(experimental cytolysis Ϫ spontaneous cytolysis)/(maximum cytolysis Ϫ spontaneous cytolysis)] ϫ 100.
Statistical analysis. Data were analyzed using Tukey's post hoc analysis of variance test and the Student t test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Reactivity of nAbs and non-nAbs to the Env of HIV-1 laboratory strains and primary isolates. HIV-1 Env (gp160 or gp120/gp41) is not only the target of nAbs in preventing the initiation and spread of HIV-1 infection by blocking viral attachment to its CD4 receptor but also the target of both nAb and non-nAb in triggering ADCML of virions and infected cells. Because HIV-1 Env has a highly variable amino acid sequence and glycosylation pattern, the antigenicity of this protein may vary in reaction with previously described nAbs and non-nAbs. For this reason, we determined the reactivity of the three nAbs (2F5, 2G12, and 4E10) and four nonnAbs (2.2C, A32, N5-i5, and N12-i15) with HIV-1 Env from a variety of HIV-1 laboratory strains used worldwide and six primary isolates generated in our laboratory (33) .
First, we used the recombinant HIV-1 gp160 (rgp160; SanofiPasteur, Toronto, Canada) as an ELISA antigen to titrate the reactive titer of these nAbs (2G12, 2F5, and 4E10) and non-nAbs (2.2C, A32, N5-i5, and N12-i15). The ELISA results revealed that all three nAbs reacted with the rgp160 coated to the 96-well plates at 1 g/ml in a dose-dependent manner (Fig. 1A) . Non-nAbs, including A32 and N5-i5, also showed reactions at moderate levels compared to nAbs, whereas 2.2C showed a weak reaction and N12-i15 did not show any difference in reactivity compared to human IgG control (Fig. 1A) . Under the experimental conditions described in Materials and Methods, reactivity of all nAbs tested to the rgp160 showed OD 450 values of from Ͻ0.1 to 1.08, Ͻ0.1 to 0.43, and Ͻ0.1 to 0.26, corresponding to Ab concentrations of 5, 1, and 0.2 g/ml, respectively (Fig. 1A) . Meanwhile, the OD 450 of the positive control (1:1,000 diluted plasma from the HIV-1-infected patient 4 who had a titer of anti-Env at 1:10,000) (33) was 1.7 (data not shown), and the negative control (1:1,000 diluted plasma from a healthy blood donor or 5 g of human IgG protein/ ml) was Ͻ0.1. N12-i15 MAb did not react with HIV-1 Env because this MAb recognizes a conformational gp120 epitope that is exposed only after Env binding to CD4 (44) . It is pertinent to note that the reactions of all MAbs used at the highest concentration (5 g/ml) have not reached the plateau (Fig. 1A) , and 2.2C and N5-i5 can strongly react with Env if its concentration is increased (44, 47) . Since our study was undertaken to clarify whether nAbs and non-nAbs triggered ADCML of HIV-1 virions and infected cells and whether the efficacy of ADCML was associated with reaction intensity of these MAbs rather than their neutralizing activities, we used the 5 g of individual nAbs or non-nAbs/ml that generated reactions at different degrees for the rest of experiments through our study.
Next, we tested the reactivity of these three nAbs (2G12, 2F5, and 4E10) and four non-nAbs (2.2C, A32, N5-i5, and N12-i15) with a variety of HIV-1 laboratory strains, including two R5 (JR-CSF and BAL), three X4 (LAI, IIIB and MN), and one dual R5X4 (RF) strains. ELISA data showed that all nAbs used at 5 g/ml specifically reacted with each of the virus strains, albeit to various degrees. 2G12 showed the highest reactivity to all virus strains tested, whereas 2F5 and 4E10 showed moderate activities to all virus strains (Fig. 1B) . Compared to these nAbs, N5-i5 reacted with these virus strains at degrees comparable to that of 2F5, whereas A32 showed moderate reactivity to all viruses (Fig. 1B) . 2.2C showed a weak reaction and N12-i15 did not readily react with any of these virus strains (Fig. 1B) . The difference in reactivity among the nAbs/non-nAbs tested was due to their relative binding affinity or degree of exposure of the antigenic epitope to those individual Abs rather than to any variation in the quality and quantity of virus antigens coated to the ELISA plates because each well was coated with the same amount of virus antigens prepared from the same batch of virus stocks.
Finally, we tested the reactivity of these three nAbs (2G12, 2F5, and 4E10) and four non-nAbs (2.2C, A32, N5-i5, and N12-i15) with all six primary isolates of HIV-1 that have been isolated in our laboratory (33) . The results were similar to that of HIV-1 laboratory strains (Fig. 1C ). All three nAbs tested reacted with all six primary isolates of HIV-1, albeit at various degrees (Fig. 1C) . Two non-nAbs (N5-i5 and A32) reacted with all six primary HIV-1 isolates at comparable levels to nAb 2F5 (Fig. 1C) . 2.2C showed a weak reaction (OD 450 Ͼ 0.1, but OD 450 Ͻ 0.3) and N12-i15 barely reacted to any of these primary isolates (Fig. 1C) .
Blockage of CD59 function allowed both nAbs and non-nAbs to trigger ADCML of HIV-1 laboratory strains. We and others have previously reported that blockage of hCD59 function renders complement-resistant HIV-1 virions and infected cells sensitive to ADCML by HIV-1 gp120/gp160 Abs or serum/plasma from HIV-1-infected patients (33, 34) . However, it is unclear whether the enhancement of ADCML is mediated by nAbs, non-nAbs, or both. After we clarified that the anti-HIV-1 Env nAbs (2G12, 2F5, and 4E10) and two of non-nAbs (A32 and N5-i5) reacted with all six laboratory strains examined, we tested activity of these nAbs and non-nAbs in triggering complement-mediated virolysis of these laboratory strains upon blockage of CD59 function. We pretreated each of the laboratory strains with BRIC229 and exposed them to each of the nAbs or non-nAbs, followed by incubation with the pooled sera from three healthy blood donors as a source of complement. Heated-inactivated sera were also included in each experiment as a control of complement activity. We also generated BRCI229 F(ab=) 2 fragments and compared the effects of BRIC229 F(ab=) 2 fragments to those intact BRIC229 molecules on the blockage of hCD59 function. As shown in Fig. 2A , no contam- The recombinant HIV-1 gp160 (rgp160) was used at 1 g/ml as an ELISA antigen to coat 96-well microplates for titrating the reactive titer of nAbs (2G12, 2F5, and 4E10) and non-nAbs (2.2C, A32, N5-i5, and N12-i15). The rgp160 is a soluble recombinant hybrid Env glycoprotein containing the gp120 sequence from the HIV-1 BX08 strain and the gp41 sequence from the HIV-1 LAI strain. (B and C) Microplates were coated with virus antigens derived from lysed virions (an input of 2 g of HIV-1 p24/ml) from each of these strains as indicated. Individual nAbs and non-nAbs were used at 5 g/ml. Purified human IgG1 at 5 g/ml was used as a negative control of anti-HIV-1 Abs. The optical density of each well was read at 450 nm (OD 450 ). All samples were tested in triplicate. All experiments were repeated three times. ination of intact BRIC229 IgG was observed in the purified BRIC229 F(ab=) 2 fragments by non-reducing SDS-PAGE analysis. BRIC229 F(ab=) 2 fragments completely blocked the binding of the intact BRIC229 IgG molecules to target cells (Fig. 2B) , indicating that BRIC229 F(ab=) 2 fragments compete with the intact BRIC229 molecules for the binding epitopes of hCD59 on the cell surface. We then used a hemolysis assay to determine whether BRIC229 F(ab=) 2 fragments retained the functional activity of intact BRIC229 molecules in blockage of hCD59 function. Similar to intact BRIC229, BRIC229 F(ab=) 2 fragments blocked hCD59 function in a dose-dependent manner. BRIC229 or BRIC229 F(ab=) 2 fragments at 20 g/ml completely blocked hCD59 function as ADCML of hRBCs reached almost 100%, whereas hRBCs were resistant to ADCML in the absence of BRIC229 or BRIC229 F(ab=) 2 fragments (Fig. 2C) .
We used intact BRIC229 molecules or BRIC229 F(ab=) 2 fragments at 20 g/ml to block hCD59 function for analyzing ADCML of HIV-1 virions as previously described (32, 33) . The results showed that all reactive nAbs (2G12, 2F5, and 4E10) and two non-nAbs (A32 and N5-i5) triggered complement-mediated virolysis of each of the six laboratory strains, regardless of the Abs bearing neutralizing activity or not (Fig. 2D) . The efficacy of ADCML triggered by these MAbs is positively correlated with the extent of their reactivity with HIV-1 Env (Fig. 2D and E) . BRIC229 F(ab=) 2 fragments retained activity of intact BRIC229 molecules in blocking hCD59 function. BRIC229 F(ab=) 2 fragments restored activities of both nAbs and non-nAbs in triggering ADCML of laboratory strains to a similar degree as intact BRIC229 molecules ( Fig. 2D and E) . These results indicate that blockage of hCD59 function with BRIC229 or F(ab=) 2 fragments restores the functions of both nAbs and non-nAbs in triggering complement-mediated virolysis of HIV-1 virions.
To clarify whether virus infectivity was reduced or eliminated by ADCML, we performed an HIV-1 infectivity assay as previously reported (33) . HIV-1-permissive H9 cells were exposed for 10 days to each conditioned solution from ADCML of HIV-1 MN experiments depicted in Fig. 2D (HIV-1 MN panel) . The culture supernatants were collected to determine HIV-1 infection intensity by measuring HIV-1 p24. Figure 2F showed that p24 was undetectable in the supernatant from H9 cells exposed to conditioned medium of Triton X-100 treatment (total lysis), indicating that potentially infective particles were totally lysed and no infectious viral particles remained. The supernatants from cells exposed for 10 days to the control conditioned medium [i.e., conditioned by the virions not treated with intact BRIC229 molecules or F(ab=) 2 fragments before exposure to endogenous anti-HIV-1 Ab and complement] had high titers of p24, indicating that the viral particles were not lysed and their infectivity was preserved. In contrast, supernatants from cells exposed for 10 days to conditioned medium of intact BRIC229 molecules or F(ab=) 2 fragments pretreated virions (treated with BRIC229 before exposure to endogenous anti-HIV-1 Ab and complement) showed low levels of p24 (Fig. 2F) , an indication that hCD59 blockage allowed the anti-HIV-1 Abs to trigger complement-mediated virolysis and thereby reduced the infective potential of HIV-1 virions.
Blockage of CD59 function allowed both nAbs and non-nAbs to trigger ADCML of primary HIV-1 isolates. Next, we tested the activity of these nAbs and non-nAbs in triggering complementmediated virolysis of the primary isolates of HIV-1 upon blockage of hCD59 function. We pretreated each of the primary HIV-1 isolates with BRIC229 and exposed them to each of the nAbs or non-nAbs, followed by incubation with the pooled sera from three healthy blood donors as a source of complement. Heat-inactivated sera were also included in each experiment as a control of complement activity. The results were similar to those obtained with HIV-1 laboratory strains. All nAbs and non-nAbs that were reactive to the primary isolates triggered ADCML of each of the six primary HIV-1 isolates, whereas non-nAbs that were not reactive to primary isolates did not have any effects on the ADCML of these viruses (Fig. 3) . These results indicate that blockage of hCD59 function with BRIC229 restores the functions of nAbs and g/ml) to block hCD59. Nonspecific IgG was used at 20 g/ml as a negative control of BRIC229. Virions were treated with individual nAbs or non-nAbs as indicated (5 g/ml), followed by exposure to 10% of the pooled sera from three healthy blood donors as a source of complement. In parallel experiments, heat-inactivated sera from the same healthy blood donors were used as a negative control of complement activity. Virolysis was analyzed by ELISA titration of released HIV-1 Gag proteins. In each experiment, treatments with culture medium alone or with Triton X-100 were used as blank and 100% virolysis, respectively. Means Ϯ SD from three experiments performed in duplicate are shown. (B) Pooled virolysis data from HIV-1 virions of all six primary isolates. Statistical significance (**, P Ͻ 0.01 versus medium or IgG treatment group) is indicated by asterisks. ns, not significant. non-nAbs in triggering complement-mediated virolysis of primary HIV-1 isolates, regardless of the Abs neutralizing activity.
Reactivity of nAbs and non-nAbs to HIV-1 Env on the surface of latently infected T cells upon provirus reactivation.
ACH-2 is a human T cell line latently infected with the HIV-1 LAV strain, while A3.01 is the parental uninfected cell line. Cells were treated or untreated with PMA (10 ng/ml) plus ionomycin (1 g/ml) or DMSO for 24 h. Supernatants were subjected to HIV-1 p24 ELISA to determine virus production, and stimulated ACH-2 cells were subjected to immunostaining with each of nAbs and non-nAbs for flow cytometry analysis to determine reactivity of these MAbs to HIV-1 Env on the surface of latently infected T cells after provirus activation. As shown in Fig. 4A , PMA/ionomycin stimulated ACH-2 to produce high levels of virus production compared to medium or DMSO alone. Flow cytometry results showed that, except for one non-nAb (N12-i15), all Abs examined reacted with HIV-1 Env on the surface of ACH-2 cells after provirus activation, albeit to various degrees (Fig. 4B) . Among these or DMSO for 24 h. After treatment, cells are subjected to immunostaining for confocal microscopy analysis of Env, CD59, and lipid raft colocalization on the cell surface. Cells were subjected to surface staining with CTB conjugated with Alexa Fluor 488 (for lipid rafts), an individual nAbs (2G12, 2F5, and 4E10) or non-nAbs (2.2C, A32, N5-i5, and N12-i15) at 1 g/ml (for HIV-1 Env), and BRIC229 (for hCD59). The white color in the merged panel indicates the colocalization of HIV-1 Env (red) with lipid rafts (green) and CD59 (magenta) on the surfaces of provirus-activated ACH-2 cells. Cellular DNA content and nuclei were stained with DAPI (blue). Scale bars, 5 m. The data showed the results of 2G12 staining, which represents the staining results of all nAbs and non-nAbs, except N12-i15 that did not detect Env expression on the surface of provirus-activated ACH-2 cells. The results were obtained from at least three independent experiments. CTB, cholera toxin subunit B as a marker for lipid rafts. PMA, PMA (10 ng/ml) plus ionomycin (1 g/ml).
reactive Abs, 2G12 and 2F5 reacted to provirus-activated ACH-2 cells at the highest degrees.
We used the Western blot assay to confirm our flow cytometry data described above. We found that all MAbs that reacted with the native form of Env on the surface of provirus-activated ACH-2 cells in the flow cytometry assay were also able to react with Env in the cell lysates of provirus-activated ACH-2 cells (Fig. 4C) . Similar to flow cytometry analysis of the native form of Env on the surface of provirus-activated ACH-2 cells, 2G12 strongly reacted with Env in the cell lysates of provirus-activated ACH-2 cells (Fig. 4C) . However, the reactive intensities of 2F5 and 4E10 were different from those observed in flow cytometry analysis. As shown in Fig.  4C, 4E10 detected Env in the cell lysates of provirus-activated ACH-2 cells to the highest degree, whereas 2F5 detected a moderate degree of Env expression. These results are opposite of those observed in flow cytometry analysis, indicating that 4E10 may bind better to the denatured form of Env. Two non-nAbs (A32 and N5-i5) strongly reacted with Env in the cell lysates of provirus-activated ACH-2 cells, whereas 2.2C weakly reacted with the soluble Env and N12-i15 did not detect Env expression. Thus, the non-nAbs show a similar pattern of reactivation with Env in the cellular lysates and its native form on the surface of provirus-activated ACH-2 cells.
Productively HIV-1-infected cells use their surface RCA molecules, mainly CD59, to resist ADCML, allowing them to escape the vigorous and sustained anti-HIV-1 Ab responses observed in almost all infected individuals (34) . This suggests that CD59 is located in close proximity to viral proteins such as Env on the cell surface, facilitating direct interaction between them. We used a confocal microscopy assay to analyze CD59 and Env colocalization on the surface of provirus-activated latently infected cells. The confocal microscopy analysis confirmed our flow cytometry and Western blot data that PMA/ionomycin stimulated provirus activation, leading to Env expression on the cell surface (Fig. 4D , Env panel). It is well known that Env on the surface of productively infected cells is made of a trimer consisting of three gp120/ gp41 and that this trimeric Env is strongly associated with lipid rafts (50) (51) (52) . We found a similar association between Env and lipid rafts on the surface of provirus-activated cells. A multiclustered Env distribution was observed on the surface of provirusactivated cells (Fig. 4D, Env panel) , which was exclusively colocalized with cell membrane lipid rafts (Fig. 4D, CTB panel) . Importantly, CD59 was also strongly associated with cell membrane lipid rafts (Fig. 4D, CD59 panel) , and Env and CD59 were colocalized in lipid rafts on the surface of provirus-activated cells (Fig. 4D, white in merge panel) , suggesting that Env may directly interact with RCA molecules on the cell surface. Figure 4D showed the results of 2G12 staining, which represents the staining results of all nAbs and non-nAbs, except N12-i15 that did not detect Env expression on the surface of provirus-activated ACH-2 cells.
Anti-Env nAbs and non-nAbs triggered ADCML of latently HIV-1-infected cells upon provirus activation. Next, we tested whether blockage of CD59 function would render provirus-activated ACH-2 cells sensitive to ADCML by nAbs, non-nAbs, or both. We used BRIC229 to block hCD59 on the surface of provirus-activated cells to analyze the ADCML of latently HIV-1-infected cells. We found that blockage of hCD59 with BRIC229 markedly increased cytolysis of provirus-activated ACH-2 cells by nAbs/non-nAbs that reacted with Env on the surface of ACH-2 cells upon provirus activation (Fig. 5, upper panel) . The lysis resulted from specific cell killing by anti-HIV-1 Env Ab-mediated ADCML, since lysis did not occur in both N12-i15 non-nAb that had no reaction with Env and the controls including the following: (i) no BRIC229, (ii) irrelevant human IgG1 in place of anti-HIV-1 Env nAbs or non-nAbs, (iii) heat-inactivated complement, (iv) ACH-2 cells treated with DMSO, and (v) A3.01 cells that are ACH-2 parental cells prior to HIV-1-infection (Fig. 5, lower  panel) .
DISCUSSION
When a host is infected with a virus, Abs are produced against many epitopes on viral proteins. These Abs consist of a mixture of nAbs and non-nAbs, which can contribute to antiviral immunity in four ways. First, nAbs directly neutralize free virus particles by preventing receptor engagement, an essential step in the life cycle of all viruses, or by interfering with the fusion process of the viral surface proteins with host plasma membrane (10) . Second, both nAbs and non-nAbs trigger specific ADCML of free virus particles and infected cells. Third, both nAbs and non-nAbs bind to and coat virus to mediate opsonization and phagocytosis by macrophages and other cells. Finally, both nAbs and non-nAbs trigger to block hCD59 function. An irrelevant IgG control Ab (20 g/ml) was used in parallel as a negative control of hCD59 blockage. After preincubation, nAbs or non-nAbs were added, followed by the exposure to either complement-competent or heat-inactivated sera from three healthy blood donors. Triton X-100 was used for determining the total cytolysis. IgG ϩ C, irrelevant Ab IgG plus complement; BRIC229 ϩ C, BRIC229 Ab plus complement; BRIC229 ϩ iC, BRIC229 Ab plus inactivated complement. Statistical significance (**, P Ͻ 0.01 versus IgG plus complement or BRIC229 plus inactivated complement) is indicated by asterisks. ns, not significant. cytolysis of virus-infected cells by stimulating other immune responses such as ADCC. In the case of HIV-1 infection, both nAbs and non-nAbs against Env (gp160 or gp120 plus gp41) are simultaneously elicited, and the levels of these Abs rise in response to the gradual increase in viral load and are maintained at high levels throughout the infection (7, 8) . Although anti-HIV-1 nAbs have been extensively studied in vitro and in vivo, non-nAbs have received little attention (44, 53) . Studies have demonstrated that almost all HIV-1-infected individuals develop Abs capable of neutralizing autologous viruses (16) . Indeed, Abs with potent neutralizing activity against a broad range of HIV-1 strains across HIV-1 clades have been found in HIV-1-infected individuals (17-19, 41, 54-57) . However, these nAbs generated in HIV-1-infected patients fail to play their expected antiviral role. In addition, passive immunization with a cocktail of the potent first generation nAbs confers little to no clinical benefits to HIV-1-infected subjects (23) . The new generation of nAbs uncovered by recently developed single-cell-based Ab cloning methods have demonstrated potent antivirus activities in reducing HIV-1 viremia (58). However, the reemergence of plasma viremia after decay of the nAb used in vivo has been observed and resistant strains of HIV-1 occur rapidly (58) . Similarly, non-nAbs are commonly induced in both the acute and chronic phases of HIV-1 or SIV (simian immunodeficiency virus) infection (44, 59, 60) . These non-nAbs have demonstrated potent ADCC activity in vitro (44, 59, 60) but fail to alter the pathogenic course of established HIV-1 or SIV infection in vivo (44, (59) (60) (61) (62) . These results indicate that HIV-1 virions and infected cells are able to escape Ab-mediated immunity, regardless of nAb-mediated neutralization and nAb/non-nAb-mediated complement attack, opsonization and phagocytosis, and ADCC. We found that the three well-characterized anti-HIV-1 nAbs (2G12, 2F5, and 4E10) and two non-nAbs (A32 and N5-i5) strongly reacted to laboratory-adapted T-tropic, M-tropic, and dualtropic strains of HIV-1, six primary isolates examined and provirus-activated ACH-2 cells, as determined by ELISA (Fig. 1) , flow cytometry (Fig. 4B ), Western blotting (Fig. 4C) , and confocal microscopy analysis (Fig. 4D ). 2.2C and N12-i15 are two nonnAbs that weakly reacted or did not react to these targets, respectively ( Fig. 1 and Fig. 4B, C, and D) . Regardless of their reactivity to Env, these nAbs and non-nAbs are not able to trigger ADCML of HIV-1 virions (Fig. 2D and Fig. 3 ) and infected cells that expressed Env on the cell surface (Fig. 5) . The resistance of HIV-1 virions and infected cells to ADCML depends on RCA members, particularly CD59, on their surface. Blockage of CD59 function restores activities of these reactive nAbs and non-nAbs in triggering ADCML of HIV-1 virions and provirus-activated latently infected cells (Fig. 2D and E, Fig. 3, and Fig. 5 ). The ADMCL efficacy is positively correlated with the reactive intensity of these Abs with their targets, regardless of their neutralizing activities ( Fig. 2D and  E, Fig. 3, and Fig. 5 ). As a consequence of ADCML, HIV-1 infectivity was significantly reduced (Fig. 2F) . Thus, blockage of RCA function restores activities of both nAbs and non-nAbs in triggering ADCML of HIV-1 virions and infected cells, including provirus-activated latently infected cells.
The native HIV-1 Env spike consists of a non-covalently linked trimer of gp120/gp41 heterodimers, each heterodimer composed of one surface gp120 subunit and one transmembrane gp41 subunit (63) . Although gp120 (ϳ480 amino acids) carries the CD4 and chemokine receptor binding sites, gp41 (ϳ345 amino acids) is crucial for fusion between viral particle and the cell membrane.
Both gp120 and gp41 have neutralizing and non-neutralizing epitopes (either linear or discontinuous) that evoke nAbs and non-nAbs, respectively (64) (65) (66) (67) (68) . Most nAbs can be placed into four categories on the basis of their binding epitope locations: (i) CD4-binding site-directed nAbs such as b12, VRC01, VRC02, and VRC03 (69), (ii) gp120 variable regions 1 and 2 (V1/V2)-directed nAbs such as PG9 and PGT145 (69), (iii) glycan V3-directed nAbs such as 2G12 and PGT121 (69) , and (iv) gp41 MPER-directed nAbs such as 2F5 and 4E10 (69) . All of the three nAbs (2G12, 2F5, and 4E10) tested in our study are able to recognize denatured or native HIV-1 Env, albeit to different degrees ( Fig. 1 and 4) . 2G12 is superior to 2F5 and 4E10 in binding to native Env since this nAb reacts to provirus-activated ACH-2 cells at the highest degree (Fig.  4B ). In addition, 2G12 coated to microplates captures free HIV-1 particles of either HIV-1 laboratory strains or primary isolates more efficiently than 2F5 and 4E10 (data not shown). Given that 2G12 is unique among the broadly nAbs because it targets the Env glycan structures that usually function to shield HIV-1 virions from Ab-mediated neutralization, this nAb is effective in neutralizing HIV-1 at low concentrations compared to other nAbs (69, 70) . For example, 2G12 at 4.85 g/ml can neutralize 80% of HIV-1 infection (IC 80 ), whereas 2F5 and 4E10 require 9.42 g/ml and 8.98 g/ml to achieve an IC 80 (69) . In our study, the reactions of all nAbs used at the highest concentration (5 g/ml) have not reached the plateau (Fig. 1A) , and the reaction profiles may change if the nAb concentrations are increased. Thus, the superior reactive activity of 2G12 observed in the present study may be related to the Ab concentration (5 g/ml) used, rather than its binding epitope location.
In comparison to the three nAbs, the four non-nAbs tested exhibit moderate to weak degrees of Env recognition. Among the four non-Abs, A32 is a potent mediator of ADCC (71) . A32 epitope is expressed on the surface of HIV-1-infected CD4 ϩ T cells earlier than the epitopes recognized by other Abs such as 2G12 (71) . In addition, A32 at 0.25 g/ml can start to react to Env on the surface of HIV-1-infected cells and the reaction reaches a peak of mean fluorescence intensity at 10 g/ml (71). In our study, we found that A32 at 5 g/ml could recognize its epitope of Env, either purified soluble gp160 (Fig. 1A) , protein extracts from HIV-1 virions of laboratory strains (Fig. 1B) or primary isolates (Fig. 1C) , Env on the surface of provirus-activated cells (Fig. 4B) , and denatured Env (Fig. 4C) . These reactions triggered ADCML of HIV-1 virions (Fig. 2D and E and Fig. 3 ) and provirus-activated ACH-2 cells (Fig. 5) upon blockage of CD59 function. Interestingly, N5-i5, an anti-gp120 non-nAb that exhibits similar binding and ADCC effects as A32 (44) , also showed very similar activity in recognition of Env and in triggering ADCML of HIV-1 virions (Fig. 2D and E and Fig. 3 ) and provirus-activated ACH-2 cells (Fig. 5) upon blockage of CD59 function. 2.2C showed a weak reaction to all types of Env probably because the MAb concentration used was not high enough. N12-i15 did not react with any type of these Env proteins because this MAb recognizes a conformational gp120 epitope that is exposed only after Env binding to CD4 (44) . Our data demonstrate that non-nAbs that are able to react with Env can trigger ADCML of HIV-1 virions and provirusactivated latently infected cells if CD59 function is blocked.
Because CD59 is widely expressed on almost all human cells and protects self-cells from destruction by complement activation, potential side effects may be the main obstacle in clinical application of CD59 blockers. However, accumulating data sug-gest that short-term or transient blockage of CD59 may be feasible and tolerable to HIV-1 patients, since CD59 blockage, deficiency, or knockout does not cause severe off-target effects in vitro and in vivo (72) (73) (74) (75) (76) (77) (78) (79) (80) . We and others have demonstrated that the use of CD59 blockers in vitro to block CD59 does not cause nonspecific cytolytic effect on cell lines, human RBCs, or PBMCs in the presence of sera/plasma from HIV-1-infected patients (33) (34) (35) . Thus, CD59 blockers that are expected to be used short term, not lifelong, will be better tolerated in HIV-1 patients. However, unmodified full-length hCD59-blocking Abs such as BRIC229 may have limitations in future clinical trials due to their molecular size, immunogenicity, and Fc effect. In order to overcome these limitations, we generated F(ab=) 2 fragments of BRIC229 (Fig. 2A) . We found that BRIC229 F(ab=) 2 fragments retained the functional activity of intact BRIC229 molecules in blocking the function of hCD59. Similar to intact BRIC229, BRIC229 F(ab=) 2 fragments blocked hCD59 function in a dose-dependent manner (Fig. 2B  and C) . BRIC229 or BRIC229 F(ab=) 2 fragments at 20 g/ml completely blocked hCD59 function as ADCML of hRBCs reached almost 100%, whereas hRBCs were resistant to ADCML in the absence of BRIC229 or BRIC229 F(ab=) 2 fragments (Fig. 2C) . Importantly, BRIC229 F(ab=) 2 fragments restored activities of both nAbs and non-nAbs in triggering ADCML of HIV-1 laboratory strains to a similar degree as intact BRIC229 molecules ( Fig. 2D and E). Ab fragments of F(ab=) 2 offer several advantages over intact Ab molecules for in vivo use, including (i) being more efficient in circulation and penetration of bloodstream and tissues because of their smaller size, (ii) elimination of Fc-associated effector functions (e.g., complement fixation or nonspecific binding that results from Fc interaction with Fc receptor carrying cells, and (iii) lower immunogenicity than unmodified full-length Ab. Thus, a BRIC229 F(ab=) 2 fragment has advantages over its full size Ab in future clinical applications. However, BRIC229 F(ab=) 2 fragments of mouse MAb are still highly immunogenic in humans, especially when repeated administration is required. As a means of circumventing this problem, humanization strategies have been developed to preserve the specificity and affinity of the rodent MAbs, whereas significantly or completely eliminate their immunogenicity in humans. Humanized MAbs such as rituximab (a murine anti-human CD20 MAb) have been successfully administered to cancer patients for prolonged treatment duration without causing severe side effects (81, 82) . The excellent safety and efficacy of therapeutic humanized MAbs against cancer provide the rationale to generate humanized CD59 MAbs as a therapeutic agent in combination with anti-HIV-1 Abs for purging HIV-1 virions and infected cells.
We have recently reported that blockage of CD59 renders provirus-activated ACH-2 cells and primary human CD4 ϩ T cells that were latently infected with HIV-1 sensitive to ADCML by anti-HIV-1 polyclonal Abs or plasma from HIV-1-infected patients (35) . In the present study, we used the well-characterized anti-HIV-1 nAbs and non-nAbs to clarify whether blockage of hCD59 function could enable nAbs, non-nAbs, or both to trigger ADCML of latently HIV-1-infected cells upon provirus activation. Our confocal microscopy data showed that the binding epitopes of these Abs were colocalized with CD59 in lipid rafts on the surface of provirus-activated ACH-2 cells (Fig. 4D , white in Merge panel). This suggests that Env may directly interact with RCA molecules on the infected cell surface to escape Ab immunity. Blockage of CD59 function can restore the functions of both nAbs and nonnAbs to trigger ADCML of provirus-activated latently HIV-1-infected cells (Fig. 5) . The lysis resulted from specific cell killing by anti-HIV-1 Env Ab-mediated ADCML, since lysis did not occur in both N12-i15 non-nAb that had no reaction with Env and the controls, including (i) no BRIC229, (ii) irrelevant human IgG1 in place of anti-HIV-1 Env nAbs or non-nAbs, (iii) heat-inactivated complement, (v) ACH-2 cells treated with DMSO, and (v) A3.01 cells that are ACH-2 parental cells prior to HIV-1-infection (Fig.  5, lower panel) . Since latently infected cells constitute the major reservoir of HIV-1 in vivo, these cells represent a major obstacle for HIV-1 eradication (83) (84) (85) (86) (87) . A combination of provirus stimulants with RCA blockers represents a novel approach to purge latently HIV-1-infected cells, thereby has the potential to eradicate HIV-1 infection.
